lls

Article

Maternal Exposure to Diesel Exhaust Particles (DEPs) During
Pregnancy and Adverse Pregnancy Outcomes: Focusing on the
Effect of Particulate Matter on Trophoblast,
Epithelial-Mesenchymal Transition

Hyewon Hur 12

Min-A Kim ¢

check for
updates

Academic Editor: Vinay Shukla

Received: 28 June 2025
Revised: 9 August 2025
Accepted: 22 August 2025
Published: 26 August 2025

Citation: Hur, H.; Kwon, H.; Jung,
Y.J.; Choi, E.; Shin, J.; Jo, S.; Lee, Y.; Kim,
M.-A.; Maeng, Y.-S.; Kwon, ].-Y.
Maternal Exposure to Diesel Exhaust
Particles (DEPs) During Pregnancy
and Adverse Pregnancy Outcomes:
Focusing on the Effect of Particulate
Matter on Trophoblast,
Epithelial-Mesenchymal Transition.
Cells 2025, 14,1317. https:/ /doi.org/
10.3390/ cells14171317

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Yong-Sun Maeng

, Hayan Kwon 12, Yun Ji Jung -2, Euna Choi 1%, Joonggyeong Shin 3, Subin Jo !, Yeji Lee /2,

1,2,%,1 1,2,%,t

and Ja-Young Kwon

Department of Obstetrics and Gynecology, Yonsei University College of Medicine, Seoul 03722,
Republic of Korea; hwhur201@yuhs.ac (H.H.); whitekwon@yuhs.ac (H.K.); ccstty@yuhs.ac (Y.J.].)
Department of Obstetrics and Gynecoloty, Institute of Women’s Life Medical Science, Yonsei University
Health System, Seoul 03722, Republic of Korea

Department of Medicine, Yonsei University College of Medicine, Seoul 03722, Republic of Korea
Department of Obstetrics and Gynecology, Gangnam Severance Hospital, Yonsei University College of
Medicine, Seoul 06273, Republic of Korea; makim302@yuhs.ac

Correspondence: ysmaeng@yuhs.ac (Y.-S.M.); jaykwon@yuhs.ac (J.-Y.K.)

These authors contributed equally to this work.

Abstract

During pregnancy, exposure to fine particulate matter (PM; 5), particularly diesel exhaust
particles (DEPs), elevates the risk of placental dysfunction-related pregnancy complica-
tions; however, the underlying cellular mechanisms have yet to be fully elucidated. The
objective of this study was to assess the effects of PM; 5 exposure on trophoblast functions
and their interaction with endometrial stromal cells. We utilized a three-dimensional
(3D) model in which human first-trimester trophoblasts (Sw71) formed blastocyst-like
spheroids and were cultured with human endometrial stromal cells (HESCs). Trophoblast
proliferation, migration, invasion, and 3D network formation following DEP exposure
(0.5-20 ug/mL) were assessed using methyl thiazolyl diphenyl-tetrazolium bromide (MTT),
wound healing, migration, and invasion assays. The expression levels of genes related to the
epithelial-mesenchymal transition (EMT) were quantified by real-time reverse-transcription
quantitative polymerase chain reaction (RT-qPCR). DEP exposure significantly inhibited
trophoblast proliferation, migration, and invasion. DEP treatment dysregulated the EMT
program by significantly decreasing the expression of key mesenchymal markers (SNAI1,
SNAI2, SOX2, and KLF4) while upregulating epithelial markers. These changes may be
related to inhibited trophoblast migration toward HESC monolayers and 3D invasive
network formation. DEP directly impairs critical trophoblast functions that are essen-
tial for successful pregnancy. Disruption of the EMT program represents a molecular
mechanism by which traffic-related air pollution contributes to placental dysfunction and
pregnancy complications, highlighting the significant reproductive risks posed by ambient
air pollution.

Keywords: particulate matter; trophoblast; epithelial-mesenchymal transition (EMT)

1. Introduction

Ambient fine particulate matter (PM; 5), poses a significant and escalating global public
health concern [1]. The small sizes of PM, 5 particles facilitate their deep penetration into the
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respiratory system, passage across the alveolar—capillary barrier, and subsequent entry into
the systemic circulation [2]. These particles transport a diverse array of hazardous chemical
components, such as heavy metals, polycyclic aromatic hydrocarbons, and endotoxins [3,4],
which in turn can trigger systemic inflammation and oxidative stress [5]. These processes
may result in extrapulmonary health complications, such as myocardial infarction [6,7],
metabolic disorders [8], neurocognitive dysfunction [9], and inflammatory diseases [5,10].

While ambient PMj; 5 is a heterogeneous mixture of various components, exhaust
from diesel engines is a major contributor, particularly in urban settings where population
exposure is high [11]. DEPs typically feature a central carbonaceous core with a layer
of adsorbed organic compounds on their surface [12]. Diesel exhaust particles (DEPs)
are well-established inducers of a range of biological responses, including the synthesis
of pro-inflammatory cytokines, the activation of the immune system, and the induction
of apoptosis [13,14]. Furthermore, prior research using animal models has shown that
prenatal exposure to DEPs can cause several adverse pregnancy outcomes, such as embryo
resorption, in utero growth restriction, and pathologic placental morphologies [15-17].

Functioning as the interface between the mother and fetus, the placenta is essential
both for establishing and for maintaining a successful pregnancy. Thus, proper placental
formation is essential for a successful pregnancy, and abnormal placentation may result in
pregnancy complications, including miscarriage, preeclampsia, and small for gestational
age [18]. Once PMj 5 particles enter the systemic circulation, these particles trigger localized
immune and cellular inflammatory responses. These responses can induce placental
inflammation, which reduces placental transport capacity and the supply of oxygen and
nutrients, potentially leading to pregnancy loss, low fetal weight, and preeclampsia [19-22].

In addition to these known cardiorespiratory effects, evidence highlights detrimental
effects of PMj 5 on human reproductive health. Associations between prenatal exposure to
PM, 5 and adverse pregnancy outcomes have been demonstrated in numerous epidemi-
ological studies [23-26]. For instance, direct evidence for the translocation of ambient
black carbon particles to the fetal side of the human placenta was provided by the study
of Bové et al. [27]. This finding confirms that inhaled PM can be transported toward the
maternal-fetal interface and accumulate within placental tissues, thereby posing a direct
threat to normal placental development and function. Similarly, in animal studies, PM; 5 ex-
posure can result in implantation failure and low birth weight, associated with pathological
alterations in placental morphology, including placental hemorrhage, focal necrosis, inflam-
matory cell infiltration, and oxidative stress [19,28-30]. Numerous human epidemiological
investigations have reported associations between maternal PM; 5 exposure and preg-
nancy complications, such as preterm delivery [31,32], gestational diabetes mellitus [33,34],
preeclampsia [35,36], and recurrent pregnancy loss [37]. At the cellular level, PM; 5 expo-
sure induces trophoblast dysfunction, characterized by inhibited proliferation, cell cycle
arrest, and diminished migration and invasion capacity in vitro [38—41].

However, despite the informativeness of culture models, these models fail to ade-
quately recapitulate the complex three-dimensional (3D) microenvironment and intricate
intercellular signaling of trophoblasts in vivo. In particular, the dynamic and reciprocal
communication between invading trophoblasts and maternal endometrial stromal cells,
which is a tightly regulated interaction crucial for blastocyst attachment, decidualization,
immune tolerance, and spiral artery remodeling, remains a significant yet underexplored
area within PM, 5 toxicology research [42].

Therefore, this study employed a 3D co-culture system integrating human first-
trimester trophoblast (Sw71) spheroids with endometrial stromal cells [21] to comprehen-
sively investigate how PM, 5 exposure affects trophoblast functions and their intercellular
crosstalk with endometrial stromal cells.
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2. Materials and Methods
2.1. Diesel Exhaust Particles

Diesel exhaust particles (DEPs), a significant component of urban PM; 5 derived
primarily from traffic emissions, were purchased from Sigma-Aldrich Corp., St. Louis,
MO, USA (# NIST® SRM® 2975) and produced by light engine combustion. DEPs were
weighed using a microbalance (Sartorius, Goettingen, Germany) and suspended in sterile
Milli-Q water to yield a stock concentration of 2mg/mL. The DEPs were then dispersed in
the water using a bath-type sonicator (SONICA Soltec; Milan, Italy). The resulting DEP
suspension was stored at —20 °C until use. The DEPs were sonicated for 30 min before
application to cells and characterized as described previously [43].

2.2. Cell Culture

Both human endometrial stromal cells (HESCs) and Sw71 cells were used in our
research and characterized as previously reported [44,45]. The Immortalized Human
Trophoblast Cell line, h\TERT-immortalized (Sw71), was purchased from Applied Biological
Materials (abm) Inc. (Cat# T0532, Richmond, BC, Canada). Human Endometrial Stromal
Cells (HESCs) were kindly provided by Professor SiHyun Cho from Gangnam Severance
Hospital, Yonsei University College of Medicine (Seoul, Republic of Korea). The study
protocol was approved by the Institutional Review Board of Gangnam Severance Hospital,
Yonsei University College of Medicine (IRB approval no. 3-2021-0336). Informed written
consent was obtained from all participants, and the study was conducted in accordance
with the principles of the Declaration of Helsinki.

Sw71 cells were cultured in Dulbecco’s modified Eagle’s medium—Nutrient Mix-
ture F-12 (DMEM-F12 medium; Cytiva, Amersham, UK), supplemented with 10% fetal
bovine serum (FBS), 10 mmol/L HEPES, 0.1 mmol/L MEM non-essential amino acids,
1 mmol/L sodium pyruvate, and 100 U/mL penicillin/streptomycin(all from GIBCO,
MA, USA). HESCs were grown in DMEM supplemented with 10% heat-inactivated FBS,
1.0 mmol/L sodium pyruvate, 10 mmol/L HEPES, 100 mmol/L MEM non-essential amino
acids, and 100 U/mL penicillin/streptomycin. All cells were incubated at 37 °Cin a 5% CO,
atmosphere with 95% humidity.

2.3. Cell Proliferation Assay

The proliferation of Sw71 cells was quantified with an MTT (3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyltetrazolium bromide) assay, which was conducted according to the proto-
col provided by the manufacturer(Sigma-Aldrich, St. Louis, MO, USA). Briefly, cells were
seeded at a density of 4 x 10° cells/well in a 96-well plate (Corning Inc., Corning, N,
USA). Following seeding in 96-well plates, the trophoblast cells were treated with different
DEP concentrations (0.5-20 pg/mL) for 24, 48, and 72 h. Next, the assay was developed by
the sequential addition of 15 uL of MTT solution (Sigma-Aldrich) and 200 pL of dimethyl
sulfoxide (Sigma-Aldrich) to each well, after which the absorbance was subsequently
measured at 490 nm. All groups of experiments were performed in quintuplicate.

2.4. Wound-Healing Assay

For the wound-healing assay, we created a scratch in a confluent monolayer of tro-
phoblasts on 35 mm dishes using a micropipette tip. Following the scratch, any loose cells
and debris were removed by washing. The cells were subsequently treated with 20 pg/mL
of DEPs for a 16 h period. Imaging was performed at the 0 and 16 h time points following
the creation of the wound. Quantification was performed by photographing five fields per
plate and subsequently the distance between the front lines was measured using Image]J
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software (version 1.53t, National Institutes of Health, Bethesda, MD, USA). Each assay was
performed in triplicate.

2.5. Formation of Blastocyst-like Spheroids (BLS) by Trophoblast Cells

Sw71 cells were trypsinized and cultured in hanging drops (4 x 10° cells/100 pL hanging
drop) for 24 or 48 h. Spheroid formation was monitored by examining bright-field images
obtained using an Axiovert 200 microscope (Carl Zeiss Micro-Imaging, Thornwood, NY,
USA). The following series of in vitro 3D models, including the formation of blastocyst-
like spheroids (BLS), 2D migration on endometrial cells, and 3D invasion assays, were
established and performed based on the well-characterized protocols previously described
by You et al. [21]. To verify that structures emanating from the BLS are trophoblast-
derived and to validate the image-analysis workflow, we performed pilot experiments
using Sw71 cells constitutively expressing GFP. Live-cell imaging confirmed GFP-positive
cords and branches sprouting from the spheroid surface, supporting trophoblast origin of
the outgrowth (Supplementary Figure S1).

2.6. Two-Dimensional Trophoblast Migration

Single blastocyst-like spheroids (BLSs) were seeded into a 24-well tissue culture plate,
with each well containing DMEM-F12 medium with 10% FBS in the presence or absence of
DEPs (20 pg/mL). The process of BLS attachment to the well surface and trophoblast
migration were observed for 48 h by examining images obtained using an Axiovert
200 microscope. Migration lengths were measured with Image] software (version 1.53t,
National Institutes of Health, Bethesda, MD, USA).

2.7. Two-Dimensional Trophoblast—Endometrial Cell Interactions

For the co-culture assay, a 24-well plate was first prepared with a confluent layer
of HESCs in each well. A single BLS was then seeded onto this monolayer, with some
wells containing DEPs (20 pg/mL) and others serving as a control. The processes of BLS
attachment and their migration onto the cell monolayer were monitored for 72 h via imaging
on an Axiovert 200 microscope. Migration lengths were measured with Image]J software.

2.8. Three-Dimensional Trophoblast Invasion and Structure Formation

The endometrium structure was created by seeding HESCs (1 x 10%) into flat-bottom
24-well plates and incubating for 24 h. The HESC monolayer was then covered with 300 uL
of Matrigel (BD Biosciences, Bedford, MA, USA) that had been diluted 1:1 with 10% FBS
in DMEM growth medium. The HESC monolayer was then incubated at 37 °C for 30 min
or until the Matrigel had hardened. Then, a single BLS was added onto the surface of the
Matrigel layer in 500 uL. DMEM-F12 growth medium with or without DEPs (20 ug/mL). To
track the invasion and 3D network structure formation of trophoblasts from BLSs, images
were recorded at 24 h intervals using an Axiovert 200 microscope. Invasion lengths were
measured with Image] software (version 1.53t, National Institutes of Health, Bethesda,
MD, USA).

2.9. Epithelial-Mesenchymal Transition Assay

Sw71 cells were trypsinized and cultured in hanging drops (4 x 10 cells/100 pL hanging
drop) for 72 h. Trophoblast monolayer cells cultured in a plate and spheroids in hanging
drops (12-72 h) with or without DEPs (20 ng/mL) were harvested with Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Real-time reverse-transcription quantitative polymerase
chain reaction (RT-qPCR) was employed to quantify gene expression.
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2.10. RT-qPCR

Total RNA was extracted from the BLS of Sw71 cells using Trizol reagent. The mRNA
expression of human genes was measured using a Power SYBR Green RNA-to-CT™ 1-Step
kit (Applied Biosystems, Foster City, CA, USA) and StepOnePlus™ (Applied Biosystems),
as per the manufacturer’s protocol. The PCR protocol began with a reverse-transcription
step at 48 °C for 30 min and an initial denaturation at 95 °C for 10 min. This was fol-
lowed by 40 cycles, with each cycle consisting of denaturation at 95 °C for 15 s and an
annealing/extension step at 55 °C for 1 min. Quantification of the results was based on the
obtained cycle threshold (Ct) values. Differences in the Ct values between the experimental
and reference (GAPDH) genes were calculated, and the results are expressed as the ratio
of each RNA level to the calibrated sample. The primers used for gene amplification are
shown in Table 1.

Table 1. Primer sequences for RT-qPCR.

F-aaagcctcaggtcataaaca F-ccacctacagcatgtcctac

CDH1 S50X2
R-gttggetcgttgtactgaat R-gagtgggaggaagaggtaac
TIP1 F-gagcacatggtgaaggtaat KLE4 F-ggcaaaacctacacaaagag
R-ctgaaagttgctggcttatt R-gtagtgcctggtcagttcat
SNAIT F-cttcagtctcttccttggag GAPDH F-atggggaaggtgaaggtcg
R-gttgcagtatttgcagttga R-ggggtcattgatggcaacaata
SNAD F-tgtcataccacaaccagaga

R-agtatccggaaagaggagag

2.11. Statistical Analyses

All experiments were repeated at least three times, and the data are presented as the
mean =+ standard error (SE). Statistical significance for comparisons between two groups
was determined using the Student’s two-tailed t-test. For comparisons among three or
more groups, data were analyzed by one-way or two-way ANOVA followed by Tukey’s
post hoc test for multiple comparisons.

3. Results
3.1. DEPs Decreased the Proliferation and Wound Healing of Sw71 Trophoblasts

Sw71 cells were treated with DEPs at varying concentrations to assess the impact on
trophoblast function. As shown in Figure 1A, DEPs reduced trophoblast proliferation activ-
ity compared to unstimulated cells in a manner dependent on both dose (0.5-20 pg/mL)
and time. In addition, the wound-healing assay further confirmed this reduced activity,
revealing that fewer Sw71 cells migrated into and closed the cell-free area following DEP
treatment (Figure 1B,C). These findings demonstrate that DEPs decrease proliferation and
wound healing in Sw71 cells.
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Figure 1. DEPs decreased the proliferation and wound healing of trophoblasts. (A) Effect of DEPs
on trophoblast proliferation. Trophoblasts were incubated with DEPs (0.5-20 ug/mL) for 72 h, and
cell proliferation was assessed using the MTT assay. Statistical significance was determined by
two-way repeated measures ANOVA, followed by Tukey’s post hoc test for multiple comparisons.
(B,C) Effect of DEPs on trophoblast wound healing. After creating a scratch in the trophoblasts with
a micropipette tip, the culture was treated with DEPs. Imaging was performed at the 0 and 16 h time
points following the scratch. Statistical analysis was performed using an unpaired t-test. All data
are presented as the mean =+ standard error (SE) from three independent experiments performed in
duplicate or quintuplicate. ** p < 0.01 vs. control.

3.2. DEP Decreased the Migration of Sw71 Trophoblasts

Single blastocyst-like spheroids were generated and then placed into a 24-well tissue
culture plate in order to evaluate the impact of DEPs on trophoblast migration (Figure 2A).
After BLS transfer, these single 3D BLSs were treated with DEPs, and trophoblast migration
was analyzed for 48 h. As shown in Figure 2B, In the control group, trophoblast cells
sprouted radially from the entire periphery of the BLS and subsequently migrated across
the well surface. However, administering DEPs significantly inhibited the radial sprouting
migration of BLS dose-dependently (Figure 2B). We quantified trophoblast migration
by using computer-assisted image analysis to measure the distance from the implanted
BLSs to the migration edge. (Figure 2C). This result indicates that DEPs decrease the
two-dimensional (2D) migration of Sw71 cells.



Cells 2025, 14,1317

7 of 19

B

12h

48h

Spheroid formation by hanging drop 2D Spheroid migration

[co&&oo] 24h f A
p o7
C

DEP 5 DEP 10 DEP 20

-

N

o
)

-
[=}
o

L
[
=3

[=-]
o
!

*% *%

F
o
L

Migration distance (%)
N (2]
o o

o

> 0P N
LR
(;°° X’ &
(ng/mL)

Figure 2. DEPs inhibited the migration of trophoblasts. (A) Schematic diagram of the experi-
mental procedure. Trophoblasts (orange circles) were trypsinized and cultured in hanging drops
(4 x 103 cells/100 pL hanging drop) for 24 h to form spheroids. BLSs were seeded into individual
wells of a 24-well tissue culture plate which contained 10% FBS DMEM-F12 medium with or without
DEPs (20 ug/mL) to observe 2D trophoblast migration (represented by orange lines). (B) Attachment
of BLSs to the well surface and migration of trophoblasts were analyzed by examining images ob-
tained using an Axiovert 200 microscope.(The area of spheroid outgrowth is indicated by the dashed
yellow circle.) (C) For quantification, the migration distance of every sprout from a single spheroid
was measured. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons. All data are presented as the mean =+ SE from three different cell
lines with n = 7 per group per experiment. ** p < 0.01 vs. control.

3.3. DEP Reduced the 2D Migration of Sw71 Cells on Endometrial Stromal Cells

The process of implantation involves a critical interaction between invading tro-
phoblasts and two key maternal components, uterine surface epithelium and the endome-
trial stromal cells [42,46]. A 2D co-culture system was used to examine the impact of
DEPs on the interaction between trophoblasts and endometrial cells during implantation
(Figure 3A) [21]. As shown in Figure 3B,C, BLS in the control group were transferred into
wells containing HESCs and attached to the HESCs before migrating into the stromal cells.
However, when the BLSs were transferred into wells containing DEPs, the BLSs attached to
HESCs, but the subsequent migration on the endometrial stromal cells decreased. Conse-
quently, these data show that PM; 5 reduces the migration of Sw71 cells and may inhibit the
specific signals necessary for trophoblasts and endometrial stromal cells to interact during
the migration process.
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Figure 3. DEPs reduced two-dimensional trophoblast migration on HESCs. (A) Trophoblasts were
cultured in hanging drops (4 x 10% cells/100 uL hanging drop) for 48 h. We placed single BLSs onto
a confluent monolayer of HESCs cultured in a 24-well plate, in the presence or absence of DEPs
(20 ug/mL). (B) The migration of trophoblasts on HESCs was analyzed over 72 h by examining
images obtained using an Axiovert 200 microscope. The yellow arrow indicates the trophoblast
BLS. The migration front is delineated by the red dashed line. The area within the yellow dashed
box is shown at a higher magnification in the rightmost panel. (C) We quantified the migration by
measuring the length of all sprouts emerging from each individual spheroid. Statistical significance
was determined by two-way repeated measures ANOVA, followed by Tukey’s post hoc test for
multiple comparisons. All data are presented as the mean + SE from three different cell lines, with
n =7 per group per experiment. ** p < 0.01 vs. control.

3.4. DEPs Inhibited Trophoblast Invasion and 3D Structure Formation in 3D Culture Model with
Endometrial Stromal Cells

Trophoblast invasion is a dynamic process requiring active migration through uterine
tissue layers, including endometrial stroma and extracellular matrix. To facilitate deeper
penetration, these trophoblasts release a large amount of proteases that degrade the decidua.
However, this process is thought to be regulated, with endometrial stromal cells providing
necessary signals to enhance and guide trophoblast invasion [47]. Thus, to better elucidate
the effect of DEPs on the crosstalk between stromal cells and invading trophoblasts, we
used a 3D in vitro system consisting of Matrigel and HESCs (Figure 4A) [45]. As shown in
Figure 4B, in the control group, trophoblast cells were observed to emerge from the BLS and
subsequently penetrate the Matrigel layer. However, the addition of DEPs impaired the
migratory and invasive activities of the trophoblasts (Figure 4B). To quantify the invasion,
the distance between the edge of the implanted BLS and the front of the invading cells was
measured using computer-assisted image analysis (Figure 4C). The number of projections
and 3D network formation of trophoblasts within the Matrigel were significantly decreased
in the DEPs group compared with the control (Figures 4B,D and 5). In addition, deep
projections of trophoblasts into the Matrigel and their growth toward the stromal cells were
also attenuated following DEP treatment (Figure 5). Collectively, these results suggest that
DEPs inhibit trophoblast invasion and 3D network formation toward endometrial stromal
cells, which resembles the placental villi interact with the stroma.
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Figure 4. DEPs decreased trophoblast invasion and three-dimensional structure formation in a
three-dimensional culture model with HESCs. (A) Trophoblasts were cultured in hanging drops
(4 x 103 cells /100 uL hanging drop) for 48 h. To serve as a model for the trophectoderm, BLSs were
seeded on the surface of the Matrigel layer overlying the HESCs. Invasion of trophoblasts into
the Matrigel (B) and 3D network formation (C) were analyzed over 10 days by examining images
obtained using an Axiovert 200 microscope. The invasion front is delineated by the red dashed
line. The area within the yellow dahsed box is shown at a higher magnification in the Figure 4D.
(D) We quantified the invasion by measuring the length of all sprouts emerging from each individual
spheroid. Statistical significance was determined by two-way repeated measures ANOVA, followed
by Tukey’s post hoc test for multiple comparisons. All data are presented as the mean + SE from
three different cell lines, with n = 7 per group per experiment. ** p < 0.01 vs. control.

Control DEP 20 (ug/ml)

Figure 5. DEPs reduced the number of trophoblasts that emerged from BLSs that had penetrated
through the Matrigel and interacted with stromal cells in a 3D model. After 10 days in culture,
projections and 3D network formation of trophoblasts within the Matrigel were established. Deep
projections of trophoblasts into the Matrigel and their growth toward the stromal cells were analyzed
by examining images obtained using an Axiovert 200 microscope. Yellow arrows highlight the deep
projections and 3D network formation of invading trophoblasts observed in the control group.
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3.5. DEP Inhibited Epithelial-Mesenchymal Transition

Next, we investigated the changes in gene expression that occurred when DEPs were
administered during the formation of 3D spheroids. The expression of genes associated
with epithelial and mesenchymal phenotypes in Sw71 cells was measured at the mRNA
level at various time points during spheroid formation under DEP treatment conditions, as
the activation of EMT-related genes confers resistance to anoikis and promotes spheroid for-
mation [48,49]. As shown in Figure 6, trophoblasts expressed epithelial markers, including
CDHI1 and TJP1, at 0 h. However, these markers were downregulated once the cells were
cultured and transferred to a hanging drop, whereas the expression of the mesenchymal
genes increased (Figure 6). After the cells had been in low attachment conditions for 12 h,
SNAIT and SNAI2 mRNA expression increased considerably, a finding consistent with
their known role as early-stage mesenchymal genes. SOX2 and KLF4, which are classified
as late mesenchymal genes, exhibited a slower rise and showed significant differences in
low attachment conditions after 48 h (Figure 6). However, gene expression change during
EMT was inhibited by DEP treatment (Figure 6). These data suggest that DEPs suppress
EMT-related gene expression changes during the formation of 3D spheroids.
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Figure 6. DEP inhibits the expression of genes related to EMT. (A) The formation of blastocyst-like
spheroids (BLSs). When cultured in a hanging drop, Sw71 trophoblast cells first aggregate, then
compact, and ultimately form a round, single 3D spheroid within 48 h. (B) RT-qPCR analysis of EMT-
related genes. Gene expression was normalized to GAPDH. Statistical significance was determined
by two-way repeated measures ANOVA, followed by Tukey’s post hoc test for multiple comparisons.
Data are presented as mean = SEM of three independent experiments (1 = 3). ** p < 0.01 vs. control.

4. Discussion

The objective of this research was to elucidate the effects of DEP exposure on tro-
phoblast functions and their intercellular interactions with endometrial stromal cells.

Using the Sw71 spheroid model, this study demonstrated the direct effects of DEPs
in vitro. Specifically, exposure to DEPs resulted in the inhibition of trophoblast proliferation,
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a pronounced suppression of trophoblast migration and invasion capacity, and a signifi-
cant dysregulation in the expression of EMT-related genes. Furthermore, our co-culture
experiments suggested the potential disruption of trophoblast-decidual crosstalk.

The exquisite spatiotemporal regulation of trophoblast functions is essential for suc-
cessful implantation and healthy pregnancy. Trophoblasts proliferate and develop into
villous and extravillous trophoblasts (EVTs). The EVTs invade the maternal decidua, en-
suring placental anchorage, and profoundly remodel spiral arteries into high-capacitance,
low-resistance vessels required for adequate uteroplacental perfusion during gestation.
This invasive phenotype is acquired through EMT, conferring migratory and invasive
properties [50-54]. Preeclampsia and intrauterine growth restriction (IUGR) are major preg-
nancy complications associated with trophoblast dysfunction. Both are linked to limited
invasion of trophoblasts into the decidua and myometrium, leading to insufficient placen-
tation and poor differentiation. These conditions result in reduced placental function and
vascular development problems, hindering the proper placental perfusion and systemic
adaptations necessary for a healthy pregnancy [55-57].

Our findings indicate that DEP exposure can substantially impair cellular processes
indispensable to successful implantation and subsequent placental development, thereby
increasing the likelihood of pregnancy complications. The DEP-induced inhibition of
trophoblast proliferation observed herein using Sw71 cells corroborates previous findings
in other trophoblast lines, such as HTR-8/5Vneo, exposed to ambient PM; 5 mixtures or
specific PM fractions [38,40]. In an in vitro study, Familari et al. treated HTR-8/SVneo
trophoblasts with particulate matter from urban environments. They reported that this
exposure inhibited cellular growth and changed the protein expression profile. Notably,
the alterations in protein expression were similar to patterns observed in preeclampsia
and IUGR. The affected proteins were primarily involved in regulating inflammation,
endoplasmic reticulum dysfunction, and oxidative stress [40]. Another study further
delineated a mechanism involving the activation of the ataxia telangiectasia and Rad3-
related protein pathway and G2/M cell cycle arrest underlying PM; 5-induced proliferation
inhibition [38]. Thus, in agreement with prior research, our findings confirm that the
suppression of trophoblast proliferation represents an adverse consequence of PM exposure.

This study also demonstrates that PM exposure during pregnancy impairs the mi-
gration and invasion capacity of trophoblasts. Through the processes of migration and
invasion, trophoblasts penetrate uterine connective tissues and spiral arteries. These are
critical steps for establishing the flow of maternal blood to the embryo [58,59]. Our ob-
servations regarding suppressed trophoblast migration and invasion are also consistent
with previous in vitro evidence. Qin et al. reported reduced migration and invasion of
trophoblasts following PM, 5 treatment, which was associated with the upregulation of
TIMP1/TIMP2 and downregulation of Collagen I [38].

We expanded these previous findings by employing a co-culture system, which demon-
strated impaired migration on endometrial stromal cell monolayers and significantly atten-
uated invasion through Matrigel toward endometrial stromal cells upon exposure to DEPs.
This underscores the potential for DEPs to interfere not only with intrinsic trophoblast motil-
ity but also with critical paracrine signaling and physical interactions between invading
trophoblasts and the receptive endometrium.

These findings also align with in vivo studies in rodent models, demonstrating that
gestational exposure to PM; 5 induces pathologic placental alterations, including impaired
trophoblast invasion as well as inadequate placental vasculogenesis, ultimately resulting in
interference in maternal—fetal interactions and problems in fetal nutrition and growth [60].
For example, recent work by Tosevska et al., employing sophisticated single-cell transcrip-
tomics and flow cytometry in a murine model of intranasal PM exposure (SRM1649b),



Cells 2025, 14,1317

12 of 19

provided compelling in vivo evidence of pollution-induced alterations to the cellular com-
position of the placenta. Indeed, Tosevska et al. noted a reduction in specific vascular
cell (endothelial and stromal cells) populations and augmented immune cell (NK cells,
T-cells, M1/M2 macrophages) infiltration, particularly within the decidua, alongside an
enrichment of transcripts associated with inflammatory pathways [61].

Soto et al. exposed one group to PM; 5 and kept another group as a control, and
reported decreased placental expression of TGF-31 in the group exposed to PM; 5 [62].
TGF-B1 is a critical factor that facilitates the successful invasion of trophoblasts into the
maternal vasculature during implantation [63]. A significant reduction was also observed
in the levels of VEGF-A, a primary regulator of vascular structure formation, in the group
exposed to PM; 5 [62,64]. Based on these findings, PM, 5 exposure during pregnancy not
only impairs trophoblast invasion and differentiation but also leads to deficient placen-
tal vascularization, potentially resulting in implantation failure and placenta-mediated
pregnancy complications.

We demonstrated that DEP exposure dysregulates the expression of EMT-associated
genes in human trophoblasts, which represents a significant finding. Moreover, this ob-
servation highlights a potentially critical, yet underappreciated, molecular mechanism
through which traffic-derived air pollution may impair placental development.

EMT constitutes a fundamental cellular reprogramming process essential for embry-
onic development and tissue remodeling. During implantation and placentation, villous
cytotrophoblasts undergo a regulated EMT to differentiate into invasive EVTs. This transi-
tion entails the loss of epithelial and the acquisition of mesenchymal attributes, enabling
EVTs to migrate through the decidua, invade maternal spiral arteries, and ultimately
establish adequate feto-maternal circulation [51,52,65].

Precise regulation of trophoblast EMT is crucial for a successful pregnancy. Thus, im-
pairment of this process, culminating in shallow placental invasion, constitutes a hallmark
of severe pregnancy complications such as preeclampsia and IUGR [54,55]. Indeed, studies
examining placentas from patients with preeclampsia have revealed altered expression pro-
files of EMT markers, including increased E-cadherin and decreased vimentin expression,
indicative of defective EMT [56,65]. Consequently, factors disrupting trophoblast EMT pose
a potential risk to gestational health.

A central implication of our data is that DEPs attenuate the trophoblast EMT program,
highlighting a critical molecular mechanism through which traffic-derived air pollution may
impair placental development. In Sw71 spheroids under control conditions, we observed
a canonical trajectory—an early decline in epithelial markers (CDH1, TJP1), induction of
EMT-initiating transcription factors (SNAI1/2), and a later increase in factors associated
with mesenchymal/stem-like states (SOX2, KLF4). By contrast, DEP exposure flattened
this sequence, preserving epithelial identity while markedly blunting the expected induc-
tion of mesenchymal markers, SNAI1/2, SOX2, and KLF4. This molecular brake provides
a parsimonious explanation for the functional phenotypes observed across our 2D/3D
assays—reduced migration and invasion and impaired 3D network formation. Because
extravillous trophoblast differentiation and uterine invasion are EMT-dependent during
normal implantation, derailment of this program offers a plausible mechanistic axis linking
traffic-related particulate exposure to shallow placentation and placenta-mediated compli-
cations such as preeclampsia and fetal growth restriction. Although the present readouts
are at the transcript level, future studies should verify protein abundance and subcellular
localization and delineate the upstream pathways through which DEP perturbs EMT.

Although it is demonstrated that exposure to PM; 5 induces EMT-like alterations in
other biological contexts, such as bronchial epithelial cells, often mediated by reactive oxy-
gen species (ROS), TGF-, or inflammatory signaling [30,66,67], few studies have directly
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investigated the impact of specific air pollutants, such as DEPs, on trophoblast EMT [68].
We believe that this study offers the first experimental evidence that DEPs directly interfere
with EMT-related gene expression in human trophoblasts. This finding offers a specific
molecular insight into the mechanisms through which traffic-related air pollution may
exert reproductive toxicity, specifically through the disruption of a key cellular differen-
tiation pathway essential for placentation. However, our conclusions regarding the EMT
pathway are based on robust gene expression data, but these transcriptional changes were
not confirmed at the protein level. This lack of protein analysis is a key limitation, and
confirming these findings is a critical direction for future research.

The mechanisms through which PM affects trophoblasts are complex and likely en-
compass multiple interacting pathways. Oxidative stress, elicited by ROS generation upon
interaction with PM constituents, represents a central mechanism implicated in numerous
studies [4,69], resulting in downstream cellular damage, including DNA damage [70,71]
and mitochondrial dysfunction [72,73]. Meanwhile, placental inflammation, potentially ini-
tiated by direct PM interaction or systemic inflammatory signaling, represents another key
pathway [19,68,74,75], a notion supported by evidence of increased inflammatory markers
and immune cell infiltration in vivo [61,76,77]. Epigenetic modifications [78], endothelial
dysfunction [5,62,79], and altered coagulation cascades [80] have also been posited. Our
identification of EMT dysregulation introduces an additional dimension to this framework,
potentially representing a downstream consequence of, or a pathway that interacts with,
these established mechanisms.

Within urban environments, a significant fraction of PM, 5 originates from traffic
emissions, with DEPs representing a major and highly toxic component [81]. DEPs, rich
in PAHs, heavy metals, and endotoxins, are known to trigger systemic inflammation
and oxidative stress [3-5]. Although determining the precise placental PM dose in vivo
following maternal inhalation remains challenging, the DEP concentrations employed in
this study (ranging up to 20 pg/mL) were selected to represent concentrations potentially
relevant to human environmental exposures. The concentrations used in our study (10 and
20 pug/mL) are consistent with the dose ranges (10-100 ug/mL) used in previous in vitro
studies investigating the effects of particulate matter on trophoblast function [38,82,83].
Lower concentrations (e.g., up to 1 ug/mlL) may approximate ambient PM, 5 concentrations
near the short-term guideline values recommended by the World Health Organization
(approx. 5 pg/m?), while higher concentrations might simulate exposures encountered
in heavily polluted urban environments where PM, 5 levels may exceed 100 ug/ m3 [41].
Nevertheless, caution is warranted when extrapolating in vitro dosimetry to real-world
human exposure scenarios, owing to disparities in exposure routes, particle transformation,
biodistribution, and clearance.

We acknowledge that the use of the MTT assay is a limitation of our study for assessing
proliferation. As the MTT assay measures metabolic activity, the results reflect changes in
cell viability and not necessarily a direct inhibition of cell division. Future studies should
employ more direct methods, such as DNA content measurement, to confirm these findings.

This study experimentally elucidated the direct impact of DEPs, an environmentally
relevant pollutant, on multiple crucial trophoblast functions using validated assays within
a 3D co-culture system using Sw71 spheroids. The Sw71 cell line, when cultured under
low attachment conditions, forms BLSs that recapitulate key features of early trophoblast
development, including compaction, EMT marker expression, and the acquisition of an
EVT-like phenotype [21,44,84]. Therefore, this system enables the robust evaluation of
trophoblast migration, invasion, and crosstalk with endometrial stromal cells within an
ECM-like environment. Furthermore, the physiological relevance, reproducibility, and
ability to mimic early implantation events of this system make it a superior alternative
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to conventional 2D cultures for studying environmental toxicology of the maternal—fetal
interface [84]. While our study provides valuable insights into the effects of DEPs on
trophoblasts, we must acknowledge several limitations related to our in vitro model and
study scope. Our study utilized the Sw71 cell line, which was originally immortalized and
characterized as having a stable extravillous trophoblast (EVT) phenotype, expressing key
markers such as Cytokeratin 7, Vimentin, and HLA-G [21,84]. The validity of this cell line
as a reliable surrogate for primary human trophoblasts in 3D spheroid models, which was
a central part of our investigation, has been further reinforced by a recent direct validation
study concluding that they are interchangeable in terms of phenotype and function [84].

Based on this well-characterized cell model, our interpretation of the invasive projec-
tions in our 3D assay was based on clear morphological evidence, which is highly consistent
with the methodology first established by G. Mor et al. [21]. We acknowledge that our
morphological assessment, while consistent with previous reports, has inherent limitations.
We acknowledge that without definitive in-situ immunofluorescence to specifically identify
cell types, the cellular origin of all cells within these projections cannot be unequivocally
confirmed. These aspects are important limitations and represent crucial directions for
future research.

At the same time, the 3D experiments conducted do not permit definitive subclassifi-
cation of sprouting trophoblasts as cytotrophoblast (CT) versus extravillous trophoblast
(EVT). In our hands, immunophenotyping within Matrigel was limited by antibody pene-
tration and specificity, and under DEP exposure lineage-marker signals were insufficiently
robust for unambiguous calls. Moreover, the extent to which Sw71 cells fully recapitulate
CT to EVT differentiation under a given 3D condition remains context-dependent. For these
reasons we refrained from over-interpreting lineage identity and focused on quantitative
motility /invasion readouts. Future studies using optimized 3D immunolabeling/clearing,
reporter systems (e.g., HLA-G reporters), or single-cell transcriptomic profiling will be
valuable to resolve CT versus EVT identity under DEP.

Additionally, identification of EMT dysregulation offers novel molecular insights into
the potential mechanisms underlying PM-induced reproductive toxicity. Although this
study identified EMT-related gene expression dysregulation, it did not delineate the specific
upstream signaling pathways mediating this effect. Moreover, while our co-culture model
allowed for the observation of trophoblast behavior in the presence of HESCs, a more
detailed characterization of the bidirectional molecular signals constituting crosstalk and
an investigation into how DEPs perturb these signals are required.

Future investigations should aim to dissect the specific molecular pathways (e.g.,
NEF-kB, ROS-dependent cascades) [47,50,85,86] through which DEPs alter the expression
and activity of key EMT-regulating transcription factors in trophoblasts [53,54,67,87,88].
Moreover, further research exploring the interplay between DEP-induced EMT disruption
and other cellular stress responses is warranted. Elucidating the specific molecular signals
(e.g., cytokines, growth factors, extracellular vesicles) involved in trophoblast—decidual
communication that are perturbed by DEP exposure is a critical next step.

5. Conclusions

This study provides compelling evidence that DEP exposure directly impairs key hu-
man trophoblast functions, including proliferation, migration, and invasion, and, critically,
dysregulates the EMT program essential for placental development in vitro. Further-
more, our findings using a 3D co-culture model suggest potential adverse effects on vital
trophoblast—decidual communication. These results delineate plausible cellular and molec-
ular mechanisms contributing to the reproductive toxicity associated with traffic-related air
pollution, offering a deeper insight into the mechanisms by which PM exposure during
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early pregnancy results in adverse outcomes. This research underscores the critical impor-
tance of developing strategies to mitigate air pollution and protect feto-maternal health.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells14171317/s1, Figure S1: Validation of trophoblast origin of
3D outgrowth using GFP-expressing Sw71 cells. Constitutive GFP expression confirms that cords
and branches emerging from the spheroid surface are trophoblast-derived. Phase-contrast and
fluorescence channels are shown; images were acquired under identical conditions to those used for
quantification in the main figures.
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